ABSTRACT A resilience-constrained operation strategy is proposed in this paper using a battery energy storage system (BESS) as a resilience resource. A proactive operation scheme is proposed for the predisturbance phase by formulating resiliency cuts for the state of charge (SoC) of BESS units. These resiliency cuts can assure the survivability of critical loads for n intervals after the occurrence of an event. A resilience constraint index is formulated to access the feasibility of the operation model for each selected value of n. In the emergency mode, different possible scenarios are analyzed and a unified survivability enhancement strategy is proposed, which comprises of dynamic penalty costs and target SoC. Dynamic penalty costs can potentially avoid the unnecessary load shedding by shifting it toward the possible end of the scheduling horizon. Similarly, the inclusion of target SoC for the last interval of the scheduling horizon can mitigate the load shedding of critical loads on the following day. A two-step adaptive robust optimization scheme is adopted to incorporate the prevailing uncertainties in loads and renewables in the operation model. Finally, the impact of various decision parameters, involved in the problem formulation, is analyzed with reference to the proposed resilience-constrained operation strategy for hybrid microgrids.
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NL c x,t
Net critical load in x-side MG at t.
P g x ,t
Amount of power generated by x-side g th CDG at t. Amount of critical and non-critical load shed at t. P xr t Amount of renewable power in x-side MG at t. P σ,t , P σ,t
Upper and lower uncertainty bounds for σ at t.
RCI n,x,t
Interval-wise resilience constraint index for n.
RCI tot n,x
Normalized resilience constraint index for all T.
SoC res n,x,t
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I. INTRODUCTION
Natural disasters such as hurricanes, tsunamis, tornadoes, floods, ice storms, earthquakes, wildfires, droughts etc. can induce severe damage to power systems and even cause system-wide blackouts. These events are generally known as low-probability, high-impact events [1] , [2] . However, in recent years, the severity and frequency of these events have significantly increased due to climate change. Seven of the ten severe storms occurred in the last four decades have taken place during the past decade [3] . In addition, several hurricanes, tornadoes, wildfires, earthquakes, and tsunamis also have occurred in the last decade. The ability of the power system to withstand such disturbances and mitigate the damages of such catastrophes is known as the resilience of power systems [4] , [5] .
Among the available options, deployment of microgrids is considered as one of the effective and practical solutions for enhancing the resilience of the power systems due to their ability of islanding [6] , [7] . Microgrids are used as a resilience resource for feeding local critical loads during disruption events [7] - [15] . The operation of microgrids during catastrophes is analyzed in [7] with more focus on uncertainties. Both prevailing and contingency-based uncertainties are considered utilizing stochastic methods. The operational constraints of microgrids are analyzed and several aspects of microgrids, i.e. potential to serve as a local resource, as a community resource, and as a black start resource are demonstrated by [8] . Optimal formation of dynamic microgrids is investigated by [9] in critical situations. In [9] , stochastic programming is utilized to examine the impact of prevailing uncertainties on the resilient performance of the distribution systems. Trakas and Hatziargyriou [10] and Amirioun et al. [11] , [12] have proposed the event-specific operation of microgrids. The resilience of an area exposed to wildfires is analyzed in [10] via a stochastic programming approach. The uncertain factors influencing wildfires, i.e. solar radiations, wind speed, and wind direction along with dynamic ratings of overhead lines are also considered. A proactive operation strategy against extreme floods is proposed by [11] , where vulnerable components are recognized first and then proactive measures are employed to prevent load curtailment. A proactive approach for conservative scheduling of microgrids is proposed in [12] to cope with adverse impacts of windstorms. The objective is to minimize the number of line outages, load curtailment, and state transitions during the outage event.
Reconfiguration of distribution systems to a network of microgrids is suggested by [13] - [16] for enhancing the resilience of power systems. The objective of the normal operation mode in [13] is to minimize the operation cost while in emergency mode, the network is sectionalized into selfadequate microgrids to enhance the service reliability. In [14] , the performance of centralized and decentralized microgrids is analyzed and cooperation among microgrids has shown better performance in terms of service reliability. Optimal allocation of tie and section switches is considered in [15] to increase the robustness of the system with uncertainties in technical and pecuniary information. A three-level resilient model is developed in [16] , which includes hardening, worstcase attack scenario, and resilient operation measures (system reconfiguration and microgrid formation using distributed generations).
The focus of the above-mentioned literature is to use the microgrids as a resiliency resource and rarely considered the resilience of microgrid itself. Recently, few studies are conducted for improving the resilience of microgrids [17] - [21] . In [17] , a pre-disturbance scheduling of microgrids is proposed with focus on uncertainties without considering the extended period of outage events. This might result in load shedding during disturbances, especially for events with extended outage periods. Similarly, in [18] , the survivability aspect of microgrids is analyzed after any disruption event considering a single day operation with uninterrupted fuel supply. This may result in load shedding of loads in the following days, especially if the output of renewables is reduced and fuel supply is interrupted due to the event. Both normal and emergency operation modes for single [19] , [20] and networked [21] microgrids are considered in these studies. However, the focus of the preparation phase in these studies is on feasible islanding, i.e. changing from grid-connected to islanded mode without any load shedding of critical loads. This may result in the shedding of critical loads after the islanding, especially if the fuel supply is interrupted and environmental conditions are not favorable for renewables. Similarly, unlimited supply of fuel is considered in these studies while during major events, fuel supply may be interrupted and limited fuel might be available. In the islanded mode, flat penalty costs are utilized [16] - [21] and it results in the random selection of load shedding amount during various intervals of the day. It may result in unnecessary load shedding if the event is cleared earlier. In addition, most of the studies [17] - [21] have considered single day operation and the operation of the following day is not considered. Energy storage elements may be discharged to their minimum level during the current day operation due to the inability of the optimization algorithm to see beyond the operation horizon. This may result in feeding non-critical loads in the current day while shedding critical loads in the following day.
In order to cope with the challenges mentioned in the previous paragraph, an attempt is made in this study. Resilienceconstrained modeling of microgrids is challenging due to the absence of the exact information about the occurrence and the clearance times of disruption events. Initial warnings about the natural disaster, especially weather-related events, are issued by the meteorological agencies [22] . Therefore, in order to minimize the devastating effects of natural disasters, proactive operation strategies are required [23] . After the occurrence of events, clearance time varies for different disasters and exact clearance times are not known. During the emergency period, operation strategies for enhancing the survivability of the critical loads are required. The major contributions of the proposed coordinated operation in comparison to the existing literature are as follows.
In addition to feasible islanding, which is the only consideration of [17] and [19] - [21] , survivability of critical loads for next n intervals is also considered by introducing resiliency cuts for energy storage elements. In contrast to [18] - [21] , where flat penalty costs are used for load shedding, dynamic penalty costs are proposed to avoid unnecessary load shedding in this study. In contrast to [17] - [21] , where only current day scheduling is considered, BESS state-of-charge (SoC) targets are defined for the end of the scheduling horizon, which can potentially mitigate load shedding. In addition, dynamic robust optimization with column & constrain cut generation algorithm is utilized to reduce convergence time in this study. In most of the existing studies, unlimited supply of fuel is considered during emergency periods. However, fuel supply may also be interrupted during natural disasters. Therefore, limited supply of fuel is modeled in this study. Finally, the impact of decision parameters, i.e. budget of uncertainty, maximum uncertainty deviation level, the value of n, and SoC target level on the microgrid operation are analyzed.
II. PROPOSED RESILIENCE-CONSTRAINED OPERATION
Due to the merits of AC/DC hybrid microgrids, as highlighted in [21] , [24] , and [25] , an AC/DC hybrid microgrid is considered in this study. The AC-side microgrid comprises of controllable distributed generators (CDGs), renewable distributed generators (RDGs), BESS, and AC loads. Similarly, the DC-side microgrid contains CDGs, RDGs, BESS, and DC loads. Diesel generators are considered as CDGs in the AC-side and fuel cells are considered as CDGs in the DC side. Both AC and DC side microgrids have critical and noncritical loads. An interlinking converter connects the AC and DC microgrids and the AC-side microgrid is connected with the utility grid.
The proposed resilience-constrained operation strategy consists of three operation phases with reference to the event occurrence and clearance times, as shown in Fig. 1 . An energy management system (EMS) is devised to carry out the operation of the microgrid during all the three operation phases.
A. PROACTIVE OPERATION
This operation phase is before the event occurrence time but after the issuance of initial warnings, i.e. pre-disturbance phase. The objective of the proactive operation is to minimize the devastating effects of calamities by preparing the VOLUME 6, 2018 FIGURE 1. Operation phases of the proposed resilience-constrained strategy. microgrids beforehand. In this paper, this proactive operation is realized by defining resiliency cuts for BESS SoCs of both AC and DC microgrids. The resiliency cuts are formulated by constraining the BESS units to maintain the SoC to feed critical loads for the next n intervals after the occurrence of events. The value of n can be determined in two ways. The first way is to determine an optimal value of n using the information of BESS capacity, forecasted values of renewables, and forecasted values of critical loads. A maximum value of n can be determined for each day by using this method. Although, the BESS capacity is a fixed parameter but the loads and renewables may vary. Therefore, the value of n needs to be decided at the beginning of each day by using the forecasted data. The second way is, allow the microgrid operators to input the desired value of n and the operation algorithm will determine either it is feasible or not. By varying the values of n and/or BESS operation range, they can find a feasible value of n. The first method introduces an additional optimization problem and the uncertainties in loads and renewables also need to be considered. This may enhance the computational complexity of the problem. However, in the case of the second method, deterministic values can be utilized, which are based on the experience of the operators. In addition, the operation range of the BESS can be adjusted based on the severity of a particular event during its propagation. Therefore, the latter method is used in this study to determine the value of n. Details of the proactive operation strategy are explained in the next section.
B. SURVIVABILITY OPERATION
The proposed resilience-constrained operation strategy switches to the survivability operation just after the occurrence of the event. In this phase, maximum survivability of the critical loads is considered within and beyond the scheduling horizon. Dynamic penalty costs are defined for both critical and non-critical loads. These dynamic penalty costs shift the load shedding towards the possible end of the scheduling horizon. If flat penalty cost as in [13] and [19] - [21] are used, the operation algorithm randomly carries out load shedding, which could be just after the occurrence of the event. If the event is cleared earlier within the scheduling horizon, this load shedding would cause unnecessary discomfort to the consumers. Therefore, different penalty costs are defined dynamically for each interval to potentially avoid the unnecessary load shedding of loads.
The operation algorithm cannot see beyond the scheduling horizon thus discharges the BESS units to their minimum level before the end of the scheduling horizon. If the fuel supply is not available, EMS may have to shed the critical loads on the following day, especially if environmental conditions are not favorable for renewables. This may result in load shedding of critical loads on the following day while feeding non-critical loads in the current day. Therefore, a target SoC is defined for the end hour of the current scheduling horizon to potentially avoid shedding of critical loads. The target SoC can be decided by using the information of available resources (fuel) along with forecasted data of load and renewables of the following day.
C. RECOVERY OPERATION
The proposed optimization strategy enters the recovery mode operation after the clearance of the event. In this mode, the objective is to minimize the operation cost of the microgrid due to the establishment of connection with the utility grid. In this mode, the resiliency cuts defined in the proactive operation mode are removed and microgrid is operated in normal mode, i.e. grid-connected mode. This mode is not associated with the resilience operation, Therefore, it is not discussed in the remaining parts of this article.
III. PROBLEM FORMULATION: NORMAL OPERATION A. DETERMINISTIC MODEL
Several methods are available in the literature for incorporating uncertainties in the scheduling of microgrids, as discussed in [26] . Among various available methods, robust optimization has gained popularity due to its inherent merits as highlighted in [27] and [28] . Therefore, in this study also, a two-step robust optimization method is adopted. In normal mode operation, initially, a deterministic model is formulated which serves as a nominal model to its robust counterpart.
In this formulation, the scheduling horizon is 24 hours (one day) with a time step of 1 hour, i.e. 24-time intervals.
1) OPERATION MODEL
The objective function of the deterministic operation model is shown in (1) . The first line of (1) contains generation cost, start-up cost, running cost, and shutdown cost of AC-side CDGs. Similarly, the second line contains generation cost, start-up cost, running cost, and shutdown cost of DCside CDGs. The third line shows the profit gained by trading electricity with the utility grid.
The constraints related to generations limits, startup, and shutdown costs of CDGs are given by (2)- (4), where G x represents the total number of CDGs in the x-side microgrid. u g x ,t , y g x ,t , z g x ,t in these equations are binary variables and indicate the commitment, start-up, and shutdown statuses of x-side CDGs. Throughout the paper, ''x'' in the mathematical model represents the microgrid side, i.e. can be replaced with ''a'' for AC-side microgrid and with ''d'' for DC-side microgrid.
Load balancing of AC side is given by (5) and DC side by (6) . AC and DC microgrids can use their CDGs, RDGs, trade with the utility grid, and transfer between themselves to suffice their local demand. Loads of both AC and DC side microgrids are composed of critical and non-critical loads, as shown in (5) and (6) . The total amount of electricity traded by microgrid (both AC and DC sides) with the utility grid is constrained by the capacity of the line connecting them, as given by (7) . Similarly, the amount of electricity transferred between the AC and DC microgrids is constrained by the capacity and efficiency of the interlinking converter, as given by (8) .
Equations (9)- (11) represent the constraints for x-side BESS units. Equation (9) represents the constraints for charging and discharging rates of BESS units at a given time interval t. Equations (10) and (11) show the maximum and minimum SoC limits for x-side BESS units. Reduce the value of n or change the acceptable SoC range
17:
Repeat from step 3 18: end if 2 ) RESILIENCY CUTS Algorithm 1 shows the step-by-step process for formulating resiliency cuts for the proactive model. Initially, VOLUME 6, 2018 the SoC limits, load and renewable information, and number of intervals for which survivability of critical loads is required (n) are obtained. Then, net critical load at each time interval is determined using (12) , which is used to determine resilience-constrained SoC for n intervals using (13) . The value of SoC res n,x,t is determined by using the equality constraint in (13) . The inequality constraint avoids the contradiction of resilience-constrained SoC constraints with the normal operation range SoC constraints of the BESS. Therefore, the operation algorithm will choose the equality constraints for those intervals where operation is triggered by resilience-constrained SoC only. Similarly, inequality constraint will be chosen for those intervals, where operation is either triggered by market price only or both resilienceconstrained SoC and market price. The feasibility of the selected value of n is evaluated using the developed resilience constraint index (RCI), as given by (14) and (15) . The minimum acceptable value of the normalized RCI, as defined in Equation (15), is one. This value (one) indicates that the selected value of n can assure a feasible solution for the entire scheduling horizon, i.e. BESS SoC operation range is not violated. If the value of n is feasible, resilience cuts are defined as in (13) otherwise, value of n and/or SoC range of BESS units is revised. This process is repeated until a feasible value of n is obtained.
B. UNCERTAINTY MODELING
The load and renewables in Eqs. (5) and (6) are uncertain. In order to maintain the linear tractability of the model, uncertainties can be modeled as a polyhedron set (16) , as suggested by [29] . Equation (16) can be represented by Eqs. (17)- (19) as a simplex to keep the model linear. After determining the deviation level of uncertain quantity σ , the actual value can be determined using (20) .
C. SOLUTION METHOD
The scheduling problem formulated in the previous section is hard to solve due to the presence of both day-ahead binary variables along with continuous variables, which are subjected to uncertainties. In order to efficiently solve the problem, it can be decomposed into two steps [30] . In the first step, the binary decisions (on/off) for CDGs are made irrespective of uncertain variables. In the second step, the values of continues variables are determined after knowing the values of uncertain variables. The information of revealed uncertainties and commitment status of CDGs are exchanged between the two sub-problems and the convergence is assessed after each iteration. This process is repeated until the convergence of both the sub-problems is achieved. The original objective function (1) can be rewritten as (21) , where the first two lines represent the objective function for the first step (outerlevel problem) and the last two lines represent the objective function for the second step (inner-level problem).
1) INNER-LEVEL PROBLEM
The inner-level problem of (21) can be treated as an independent problem along with its related constraints, i.e. C and U . However, due to the max-min nature of the problem, it is hard to solve in this form. Therefore, the innermost minimization problem can be dualized to transform it into a maximization problem as given by (22) 
Subject to π
the third line contains bilinear terms. These bilinear terms can be linearized using the method suggested by [30] . The following term of (22) Subject to U.
2) OUTER-LEVEL PROBLEM
The outer-level problem (32)- (34) Solve the inner dual problem (22)-(31) using revealed uncertainties
8:
Update UB = min{UB,obj inner +Binary variables-related cost}
9:
Add column and constraint cuts (33),(34) to the outer-level problem Update LB = obj outer , k=k+1
12: end while generation) is adopted to minimize the convergence time of the algorithm. It has been proved in [31] that the column & constraint cuts are more efficient than the Bender's decomposition. These cuts, being the primal plane cuts, significantly reduce the convergence time in comparison with the Bender's decomposition, which introduces cuts in the dual plane. Equations ( 
Subject to B = (2) − (4); u g x ,t , y g x ,t , z g x ,t ∈ {0, 1} , ∀g 
IV. PROBLEM FORMULATION: EMERGENCY OPERATION A. OPERATION MODEL
The objective function of the emergency mode operation model is given by (35). In addition to generation, startup, running, and shutdown costs of CDGs, (35) contains three additional terms in the last two lines. These three terms are penalty costs for shedding critical loads, non-critical loads, and incentive for achieving SoC target at T, respectively. The binary identifier β x,T takes a value of one if the required energy level is achieved by x-side BESS at T and takes a value of zero otherwise, as shown in (36). The required energy level can be determined by using the information of available resources (fuel) along with information of renewables and loads on the following day. If lesser fuel is available or lower renewables and/or higher loads are expected on the following day, a higher value of required energy level will be chosen for the end of the current day and vice versa. Dynamic penalty costs for critical and non-critical loads are defined as in (37).
The relationship among different factors of dynamic penalty costs of critical and non-critical loads is given by (38). Equation (39) shows the relationship among critical load penalty cost, incentive for maintaining SoC at T, and noncritical load penalty cost. The dynamic penalty cost values of critical and non-critical loads are relative to each other. In order to assure the priority of critical loads over the noncritical loads, the minimum value of C cf ,pen −α c .t, i.e. at t=T should be greater than the maximum value of C nf ,pen − α n .t, i.e. at t=0. Any values satisfying the conditions defined in equations (38) and (39) will give the same operation results. The lowest value of penalty cost for shedding non-critical load should be greater than the generation cost of the most expensive CDG unit, as given by (40). This implies that precedence of service reliability is higher than the operation cost in the emergency mode.
The energy balancing in the emergency mode of AC-side microgrid is given by (41) and that of DC-side microgrid by (42). These equations are similar to (5) and (6), except buying/selling is replaced with load shedding amount of critical and non-critical loads. In case of natural disasters, fuel supply may also be interrupted and the available fuel needs to be optimally utilized. Equation (43) implies that emergency operation is constrained by the amount of available fuel (corresponding available power). 
Where, Feed all critical loads first P acls t , P dcls t = 0
6:
Charge batteries to required level and feed the non-critical loads
7:
Shed remaining loads starting from end P anls t , P dnls
Shed all non-critical loads P anls t , P dnls t = 0
10:
Charge battery units if required to feed critical loads later
11:
Shed critical loads starting from end P acls t , P dcls t = 0 12: end if
B. SURVIVABILITY ENHANCEMENT ALGORITHM
The four possible cases which could occur in the emergency mode are summarized in (44). Algorithm 3 shows the survivability enhancement mechanism for all the four cases. Case 1 is the most favorable case due to the absence of load shedding. There will be limited load shedding of non-critical loads while critical loads will be survived in case 2 and case 3. SoC target plays a crucial role in these two cases due to the precedence of SoC target over non-critical loads. Case 4 is the least favorable case due to unavoidable limited load shedding of critical loads. Due to the dynamic penalty costs in the proposed model, load shedding will be shifted towards the possible end of the scheduling horizon to potentially avoid unnecessary load shedding.
+BESS capacity case 3:
case4 :
V. NUMERICAL SIMULATIONS
The hourly critical load amount of the hybrid microgrid is same with the level 1 load and the non-critical load is same with the level 2 load of [21] . The amount of renewables on both AC and DC-sides are scaled versions of DC-side renewables of [21] . The upper and lower SoC of BESS units are taken as 20% and 80%, respectively. The time of use market price signals used in the normal mode are taken from [21] . The developed model has been implemented on a computer using Java, NetBeans IDE 13.2 [32] with the integration of IBM ILOG CPLEX [33] in an Intel(R) Core (TM) i7-3517U CPU @ 1.90GHz with 4 GB of RAM. CPLEX has been integrated with NetBeans and it has been run in the Java environment. Maximum of two iterations have been taken for convergence of the inner and the outer problems and computation time was less than 2 seconds for all the tested cases.
The inner problem of the tested microgrid contains 10546 variables and 1104 constraints (equality and inequality constraints). Similarly, the outer problem contains 600 variables and 786 equality and inequality constraints.
A. NORMAL MODE OPERATION
In normal mode, the budget of uncertainty is set to 24 for both load and renewables while maximum deviation bound is set as 0.25 and 0.15 for renewables and loads, respectively. Two operation schemes (resilience-constrained and without resilience) are considered to elaborate the effectiveness of the proposed operation scheme by setting the value of n to 3. Fig. 2a shows the amount of power traded (buying as positive and selling as negative) by the microgrid with the utility grid. Fig. 2b shows the power transfer between AC and DC-side microgrids (from DC to AC as positive and vice versa). In case of resilience-constrained operation, more electricity has been bought from the utility grid during the first interval and lesser power has been sold during 12h to maintain the required energy level in the BESS units. It can be observed from Fig. 3 that in resilience-constrained operation, BESS units are not discharged to their minimum level during the peak-price intervals, i.e. 12-18. However, due to the absence of the resilience constraints, BESS units are discharged to their minimum levels and electricity is sold to the utility grid in the 'without resilience' case, as shown in Fig. 2a . The target SoC computed using (13) is compared against the actual SoC of AC and DC BESS units in Fig. 4 . It can be observed from Fig. 4 that the actual SoC is never lesser than the target SoC, i.e. resilience constraints are met. Due to the consideration of the resilience (n=3), operation cost of the microgrid has increased by 1.51%, which is an increase of 0.0072% per MW of the critical load. However, this consideration will assure the survivability of critical loads for 3 hours after a sudden disruption of the grid.
B. EMERGENCY MODE OPERATION
All the four possible cases in the emergency mode are summarized in (44). Case 1 is not considered in the simulations due to non-effectiveness of the resiliency constraints (plenty of generation and absence of load shedding). Additionally, this case is least likely to occur due to the limited fuel availability assumption of this study. Cases 2 to 4 are named as a, b, and c, respectively for the simulations. The event occurrence times, BESS SoC at event time, target SoC, and available power (in terms of available fuel) of the respective case are tabulated in Table 1 . The uncertainty deviation for loads and renewables are randomly generated between the specified upper and lower bounds for the emergency operation. The fixed penalty costs for shedding of critical and noncritical loads are taken as 900KRW/kWh and 500KRW/kWh, respectively. The penalty factor for shedding of both critical and non-critical loads is taken as 4 in this study for the simulations. In order to elaborate on the impact of the proposed resilience-constrained operation scheme, two scenarios are simulated in each case, i.e. resilience-constrained scenario and without resilience scenario. The proposed scheme is named as resilience-constrained operation scheme and the conventional operation schemes are named as without resilience schemes in this study. The detailed description of all the three cases is described in the following sections.
Time Interval Energy (kWh)
Energy (kWh) a b 
1) CASE A
The objective of this case study is to analyze the operation of the proposed operation scheme with target SoC and the conventional operation scheme without target SoC. Due to the BESS SoC target, limited amount of non-critical load is shed at the last intervals of the scheduling horizon in the resilienceconstrained case, as shown in Fig. 5a . In the conventional case (without resilience), all the non-critical loads are fed (Fig. 5b) but the SoC of both AC and DC-side BESS units is discharged to their minimum levels, as shown in Fig. 6 . In resilienceconstrained case (with SoC target), SoC is maintained by the amount set in Table 1 for this case at the last interval of the scheduling horizon, T. This consideration can avoid load shedding of critical loads on the following day, especially in the early hours when the photovoltaic energy is not available. However, in the case of the conventional approach, feeding of non-critical loads in the previous days may result in the shedding of the critical loads on the following day. Detailed analysis of the second-day operation are presented in the next section.
2) CASE B
The objective of this case study is to analyze the impact of the proposed dynamic penalty cost and the conventionally utilized flat penalty costs on the load shedding amount of noncritical loads. It can be seen from Fig. 7 that non-critical loads are shed for both the resilience-constrained case and without resilience case. However, in the without resilience case, load shedding is carried out in a random fashion due to flat penalty cost. In case of the resilience-constrained scheme, load shedding is shifted towards the possible end of the scheduling horizon via dynamic penalty cost. This can potentially avoid unnecessary load shedding if the event is cleared earlier during the current scheduling horizon. For example, if the event is cleared before 16h, none of the loads will be shed in case of the proposed dynamic penalty cost. However, 17kWh of DC load and 42kWh of AC load will be shed in case of the flat penalty. Additionally, Fig. 8 shows that BESS units are discharged to their minimum level in the without resilience case while feeding non-critical loads. In order to avoid load shedding of critical loads on the following day, BESS SoC is maintained to the target SoC as defined in Table 1 for the resilience-oriented operation case.
3) CASE C
In this case, the impact of the proposed dynamic penalty cost and conventionally utilized flat penalty cost on the load shedding of critical loads is analyzed. In this case, due to the scarcity of generation sources, BESS SoC target for T is not important. Therefore, only load shedding amount is shown in Fig. 9 . All the non-critical loads are shed first and unavoidable limited load shedding of critical loads is also carried out for both resilience-constrained and without resilience cases. In case of resilience-constrained operation, load-shedding is shifted towards the end of the scheduling horizon while load shedding is randomly carried out in the without resilience case. If the event is cleared at 22h, there will be no load shedding of critical loads in the proposed resilience-constrained operation but the other case will carry out unnecessary load shedding during 19h and 20h. Therefore, it can be concluded that the proposed dynamic penalty cost can potentially avoid unnecessary load shedding.
C. TARGET SoC AND FOLLOWING DAY OPERATION
In order to elaborate the impact of maintaining target SoC on the resilient operation of the microgrid in the following day, case b is analyzed for four different SoC target levels (20%, 40%, 60%, and 80%) in this section. The lower SoC bound for energy storage elements is 20% in this study. Therefore, 20% SoC case is regarded as the conventional operation case, i.e. without SoC target. However, the remaining three cases have an SoC target of 20, 40, and 60% respectively. It can be observed from Fig. 10a that during the current day operation, all of the non-critical loads are fed while discharging energy storage elements to their minimum level in the conventional case, without SoC target. However, in the remaining three cases, some of the non-critical loads are shed during the current day operation to maintain the defined SoC target level. As expected, the load shedding amount of noncritical loads increases with increase in SoC target level. In all the four cases, none of the critical loads were shed; therefore, it is not shown in Fig. 10 . Fig. 10b shows the amount of critical load shedding in the following day against the four SoC target levels. In the first case, due to the absence of the SoC target level, significant amount of critical load is shed in both the AC and DC microgrids. It can be observed from Fig. 11 that both AC and DC side microgrids have discharged their BESS units to their minimum level in the first case. Therefore, significant amount of critical loads were shed in this case due to the absence to usable energy in the BESSs. In addition, limited supply of fuel remained after the first day's operation and photovoltaics were also not available during the initial intervals of the next day. However, the load shedding amount of critical loads decreases with increase in SoC target level. Load shedding amount of both AC and DC microgrids has reduced to zero in case four (80% target SoC) due to maintaining a sufficient amount of energy. It can be observed from Fig. 11 that the target SoC is achieved by both the microgrids by discharging lesser amount in the second and third cases and keeping the same SoC in the fourth case. It can be concluded that by maintaining the SoC during the operation of the previous day, load shedding of critical loads can be significantly reduced in the following day.
VI. DISCUSSION AND ANALYSIS
In both normal and emergency modes, some decision parameters, used in this study, may influence the operation of the microgrid. Therefore, in this section, sensitivity analysis of these decision parameters is carried out. In addition, the possible lost opportunity cost due to participation in the proactive operation is analyzed. Table 2 shows the impact of the budget of uncertainty and maximum uncertainty deviation level on the operation cost of the microgrid. The increase in operation cost is significant when the budget of uncertainty for load and renewables changes from 0 to 6 or 6 to 12. However, the increase is VOLUME 6, 2018 relatively lower in the remaining two cases. This was due to the presence of the photovoltaic-based renewables in 12 or lesser intervals. Similarly, the increase in maximum deviation level in load and renewables also follows a similar pattern due to the previously stated reasons. It can also be observed from Table 2 that the increase in maximum deviation level has a higher impact on the operation cost of the microgrid as compared to the increase in the budget of uncertainty. This is due to the applicability of the maximum deviation level for all intervals and applicability of budget of uncertainty for selected intervals. 
A. BUDGET OF UNCERTAINTY AND DEVIATION LEVEL

B. SURVIVABILITY INTERVALS
The increase in number of survivability intervals in the proactive operation stage can assure a higher resiliency during the emergency operation. However, it may result in an increase in the operation cost of the microgrid and ultimately causes loss of opportunity cost for the BESS owner. Table 3 shows the impact of number of intervals (n) on the operation cost of the microgrid. It can be observed that the operation cost increases in a non-linear fashion due to adjustment of energy trading by the EMS. Fig. 12a shows the net loss of opportunity cost against the number of survivability intervals. Maximum of 1.58% loss of opportunity cost has been observed. Due to the dependence of n on the amount of critical load in the microgrid, loss of opportunity cost per MWh of the critical load would be more meaningful. It came out to be 0.0052, 0.0063, 0.0072, and 0.0076% for 1 to 4 values of n, respectively as shown in Fig. 12b . As shown in the previous section, this minute increase in the opportunity lost cost can significantly improve the resilient performance of the microgrids during emergency periods by enhancing the survivability of the critical loads.
C. SoC TARGET LEVEL
As discussed in section 5.3, the target SoC can enhance the survivability of critical loads in the following day. However, in order to assure the required SoC level at the end of the scheduling horizon, non-critical loads might be shed during the current day operation. The impact of SoC target level on case a and b (Table 1) is analyzed in this section. Target SoC has no impact on case c due to the scarcity of resources and shedding of all the non-critical loads during the current day operation. Table 4 shows the impact of SoC target level for T on the operation cost of the microgrid under different target levels. As expected, higher amount of non-critical load is shed with increase in the target SoC level for both cases. Similarly, the operation cost decreases with increase in the SoC target due to higher value of incentive price for maintaining SoC than the penalty cost for shedding non-critical loads.
VII. CONCLUSION
This paper has proposed a resilience-constrained operation strategy for hybrid microgrids. In the normal operation mode, resiliency-cuts have been formulated to assure the survivability of critical loads for n intervals after the occurrence of an event. This consideration has increased the operation cost by 0.0072% per MWh of the critical load. However, the proposed strategy can significantly reduce the load shedding amount of critical loads during the emergency period. Different possible cases in the emergency mode have been analyzed and a survivability enhancement scheme has been developed, which is applicable to all the cases. The formulated dynamic penalty costs have avoided the unnecessary load shedding of both critical and non-critical loads during the emergency operation. Additionally, due to the incorporation of target SoC for the last interval of the scheduling horizon, load shedding of critical loads is reduced on the following day. Especially, in the early intervals due to the absence of solar energy. Finally, the impact of decision parameters i.e. budget of uncertainty, maximum uncertainty deviation, the value of n, and SoC target level on the operation of microgrids has been analyzed. It can be concluded that the proposed resiliencyconstrained operation scheme can significantly reduce the load shedding amount at the cost of minute loss of opportunity cost.
